Endothelial tubular morphogenesis relies on an exquisite interplay of microtubule dynamics and actin remodeling to propel directed cell migration. Recently, the dynamicity and integrity of microtubules have been implicated in the trafficking and efficient translation of the mRNA for HIF-1α (hypoxia-inducible factor), the master regulator of tumor angiogenesis. Thus, microtubuledisrupting agents that perturb the HIF-1α axis and neovascularization cascade are attractive anticancer drug candidates. Here we show that EM011 (9-bromonoscapine), a microtubule-modulating agent, inhibits a spectrum of angiogenic events by interfering with endothelial cell invasion, migration and proliferation. Employing green-fluorescent transgenic zebrafish, we found that EM011 not only inhibited vasculogenesis but also disrupted preexisting vasculature. Mechanistically, EM011 caused proteasome-dependent, VHL-independent HIF-1α degradation and repressed expression of HIF-1α downstream targets, namely VEGF and survivin. Furthermore, EM011 inhibited membrane ruffling and impeded formation of filopodia, lamellipodia and stress fibers, which are critical for cell migration. These events were associated with a drugmediated decrease in activation of Rho GTPases-RhoA, Cdc42 and Rac1, and correlated with a loss in the geometric precision of centrosome reorientation in the direction of movement. This is the first report to describe a previously unrecognized, antiangiogenic property of a noscapinoid, EM011, and provides evidence for novel anticancer strategies recruited by microtubule-modulating drugs.
Introduction
Tubular morphogenesis of blood vessels is a dynamic process that involves proliferation and directed migration of endothelial cells. In addition, migrating cells need to develop a unique morphological polarity involving asymmetry of their cytoskeleton, membrane trafficking and signaling (1) (2) (3) . Cell motility also requires that the intracellular forces generated by dynamic reorganizations of actin and microtubule cytoskeletons within the cell be transmitted to the matrix outside the cells via tightly regulated formation and dissolution of cell-matrix contacts [focal complexes and focal adhesions (FAs)] (4). Thus, an attractive antiangiogenic strategy to disrupt endothelial cell function is to target the exquisitely regulated cooperativity of the actin/microtubule/FA axis.
It is well appreciated that disruption of microtubule dynamics is linked to inhibition of tumor angiogenesis via the hypoxia-inducible factor (HIF-1) pathway (5) (6) (7) . Consequently, cytoskeleton-directed chemotherapeutics, such as members of the vinca and taxane family, have been shown to demonstrate significant antiangiogenic activity (8) (9) (10) . Several other antimicrotubule drugs including combretastatin-A4 and 2-methoxyestradiol (2-ME2) are currently in clinical trials due to their antiangiogenic activity (11) (12) (13) . A recent report documented a previously unrecognized role of the microtubule cytoskeleton in repressing HIF-1α translation (14) . The authors have elegantly demonstrated that HIF-1α mRNA binds to and traffics on dynamic microtubules to the sites of active translation. The disruption of microtubule dynamics triggers accumulation of HIF-1α mRNA into cytoplasmic P-bodies for translational repression, suggesting a direct role for microtubule integrity and dynamicity in HIF-1α translation (14) . Although several tubulin-binding drugs have shown antiangiogenic activity, most studies to date have explored the roles of microtubules in antiangiogenic approaches deploying agents that depolymerize or hyperstabilize microtubules, thus addressing the consequences of extreme effects on microtubular cytoskeleton.
Seeking cues from in silico molecular modeling and rational drug design, we have launched a drug discovery program that aims to circumvent the 'harsher' side effects of current day antimicrotubule chemotherapy. Noscapinoids represent an emerging class of microtubule-modulating anticancer agents based upon the parent molecule, noscapine (Supplementary Figure 1A , available at Carcinogenesis Online) (15) that sets itself apart from currently available tubulinbinding drugs owing to its 'kinder-gentler' mechanism of action (16) (17) (18) (19) (20) (21) . Noscapine and its analogs have been shown to dampen microtubule dynamics just enough to alert mitotic checkpoints to stall mitosis without perturbing crucial physiological functions of microtubules such as intracellular transport (22) (23) (24) . Recent studies have uncovered the antiangiogenic role of noscapine by perturbing the HIF-1α axis (25) . An antiangiogenic screen of a library of microtubule-binding noscapine analogs by the Developmental Therapeutics Program (DTP) of the National Cancer Institute (NCI) identified EM011, (S)-3-((R)-9-bromo-4-methoxy-6-methyl-5,6,7,8-tetrahydro [1, 3] di-oxolo [4,5-g] isoquin-olin-5-yl)-6,7-dimethoxyisobenzofuran-1(3H)-one (also referred to as 9-bromonoscapine; Supplementary Figure 1B , available at Carcinogenesis Online), as a promising antiangiogenic agent. Given that EM011 is significantly more potent than noscapine in in vitro and in vivo models, we sought to evaluate and establish the antiangiogenic activity of EM011 using multifarious strategies, and to determine its underlying mechanism of antiangiogenic action. Our previously published data suggest that EM011 preserves the monomer/polymer ratio of tubulin within cells while merely dampening dynamic instability behavior of microtubules in treated cells (23) . Thus, in this study, we employed EM011 concentrations that dampened microtubule dynamics without perturbing the total polymer mass of tubulin. We examined the specific effects of dampening microtubule dynamics on the ability of endothelial cells to adhere, polarize and migrate with the objective of understanding the cellular basis of EM011's potent antiangiogenic properties.
Materials and methods

Cells and reagents
Human umbilical vein endothelial cells (HUVECs) were obtained from Invitrogen (Carlsbad, CA). Cells were grown according to the manufacturer's protocol. PC-3 cells were grown using RPMI-1640 media with 10% FBS. HIF-1α and CD31 antibodies were from BD Biosciences (San Diego, CA). β-actin, α-tubulin and γ-tubulin were from Sigma (St Louis, MO).
Fig. 1.
EM011 inhibited the invasion and migration of endothelial cells in response to a chemotactic gradient. HUVECs were harvested and seeded onto 8 μm transwell-inserts (upper-chamber) coated with Matrigel in the presence of EM011 for 24 h for the invasion assay. At the end of incubation times, cells in the upper chamber were removed with cotton swabs and cells that traversed the Matrigel to the lower surface of the insert were fixed with 10% formalin, stained with crystal violet, and counted under a light microscope. (A) Quantitation of the cells that invaded to the lower surface of the insert was carried out using three random fields/insert. The average number of invasive cells under control conditions (0.1% DMSO) was determined from three random fields and designated as the '100%' value. For each treatment, the number of invasive cells in presence of EM011 was expressed as cells/ field (mean ± SD, n = 3), quantitated as a percentage of the '100%' value for the control. Migratory response was evaluated by coating the cell culture inserts underside with Matrigel and the cells were seeded next day onto the inserts in the upper chamber in the presence or absence of drug. The effect of drug on endothelial cell migration was observed by their inclusion in the lower chamber using crystal violet staining as described for the cell invasion assay. (B) Quantitation of cells that migrated to the lower surface of the insert was performed by counting cells from three random fields/insert. The average number of cells that had migrated under control conditions (0.1% DMSO) was determined from three random fields and designated as the '100%' value. For each treatment, the number of cells that had migrated in presence of EM011 was expressed as cells/field (mean ± SD, n = 3), quantitated as a percentage of the '100%' value for the control. Data are expressed as cells/field (mean ± SD) as a percentage of control. EM011 inhibited endothelial cell migration in a chemokinetic assay. (Ci) Photomicrographs (×10) showing confluent HUVECs that were mechanically scraped with a pipette tip, and the migration of HUVECs into the scraped area after 24 h when treated with DMSO (control) or varying EM011 doses (5, 10, 25 µM). Dotted line indicates the denuded area occupied by the initial scraped area. (Cii) Quantitation of the extent of wound closure upon various treatments as measured by the width in µm of the denuded space. (D) shows the dose-dependent inhibition of HUVEC proliferation upon EM011 treatment using the sulforhodamine B assay. (Ei) EM011 inhibited in vitro endothelial tubule formation. The spontaneous formation of capillary-like structures by HUVECs on Matrigel was used to assess the angiogenic potential. HUVECs were seeded onto Matrigel and 1 h later, EM011 was added for 16 h. Photomicrographs show that vehicle-treated controls migrated to form connected tubular networks, whereas EM011 significantly attenuated tubular morphogenesis and network formation. (Eii) Inhibition of endothelial tubule formation upon a 16 h EM011 treatment was quantified from photographs by measuring the cumulative tube length contained in two random fields from each well under a phase-contrast microscope. Data are expressed as a percentage of the cumulative tube length in vehicle-treated cultures (mean ± SD). (Fi) Ex vivo antiangiogenic activity of EM011 in a CAM assay. Normal angiogenesis observed in CAM development in controls (Fi, left panel) versus decreased vascularization in the development of the CAM (Fi, right panel) when treated with 25 µM EM011. Scale bar = 5 µm. (Fii) illustrates a marked decrease in blood vessel area, length and width upon treatment with 25 μM EM011 compared with control vessels over a 24 h period.
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VE-cadherin, paxillin, p-paxillin, Rac1, Rho A and Cdc42 were from Cell Signaling (Beverly, MA). Primary antibodies against survivin and vascular endothelial growth factor (VEGF) and horseradish peroxidase-conjugated secondary antibodies were from Santa Cruz Biotech (Santa Cruz, CA). Rhodamine-phalloidin and Alexa 488-or 555-conjugated secondary antibodies were from Invitrogen. RCC4 cells were generously provided by Lily Yang (Winship Cancer Institute, Emory, GA). Plasmid encoding green fluorescence protein (GFP)-tagged paxillin was purchased from Addgene. GFP-EB1 plasmid and CLIP170 antibody were provided by Dr Holly Goodson (University of Notre Dame, Notre Dame, IN).
Proliferation, invasion and migration assays HUVEC proliferation was measured using the sulforhodamine B assay as previously described (19) . For the invasion assay, chambers were assembled using 8 μm pore transwell-inserts (BD Falcon) as upper chambers and 24-well plates as lower chambers. Cell culture inserts were coated with 100 μl Matrigel (1:1 diluted with PBS). 10 5 HUVECs or PC-3 cells were placed in the upper chamber in presence of EM011. At the end of incubation times, cells in the upper chamber were removed with cotton swabs and cells that traversed the Matrigel to the lower surface of the insert were fixed with 10% formalin, stained with crystal violet and counted under a light microscope. For chemotactic 'migratory response' of endothelial or PC-3 cells to EM011, we used cell culture inserts that were coated underside with Matrigel and cells were seeded next day onto the inserts in the upper chamber for varying time points. The effect of EM011 on endothelial cell migration was observed upon their inclusion in the lower chamber using crystal violet staining.
In vitro endothelial tube formation assay
Three-dimensional collagen gels containing HUVECs with or without EM011 were prepared as described by the manufacturer (Invitrogen) and tube formation was visualized directly using a light microscope. Images were captured using a phase-contrast microscope and quantitation was performed using Metamorph.
Chick chorioallantoic membrane assay EM011-mediated inhibition of blood vessel branching was observed in the chick chorioallantoic membrane (CAM) assay (26) . Fertilized chick eggs were incubated horizontally at 37°C in a humidified chamber for 7 days. A small orifice was made on the air sack side of the egg and suction was applied to displace the air and drop the CAM. A window of 0.6 mm was cut open on the area where the CAM detached from the shell, and was sealed with adhesive tape. The eggs were re-incubated until processing the next day. Small 3M filter paper discs with holes in the center were saturated with PBS and placed on top of the CAM. EM011 (25 µM) or 10 µl of HBSS was placed in the center of the paper discs that were implanted on the CAM, and the eggs were then sealed with adhesive tape and returned to the incubator for 24 h. The discs with attached CAM were cut from the rest of the egg after in ovo fixation with 4% PFA at 4°C for 20 min and were examined under the microscope for branching blood vessels in control or 25 µM EM011 treatments.
Zebrafish angiogenesis assay
A transgenic zebrafish line that expresses green reef coral fluorescent protein (GRCFP) under the control of vascular endothelial growth factor receptor-2 (VEGFR2) promoter [TG(VEGFR2:GRCFP)] for blood vessel restricted expression (27) was used to study the precise angiogenic stage where the drug intervenes. The effect of EM011 on zebrafish vasculogenesis was determined by treating the embryos with 25 µM EM011 at 24 h postfertilization (hpf) for a period of 24 h. To discern effects on preexisting vasculature, zebrafish embryos were treated with drug for 24 h at 48 hpf, when intersegmental vessels have formed and are stabilized.
In vivo mouse matrigel plug assay Male mice were injected subcutaneously near the abdominal midline, with 200 µl Matrigel (BD Biosciences) containing PC-3 (4 × 10 5 ) cells and the angiogenic factor, basic fibroblast growth factor (bFGF; 0.5 µg/ml). Mice were treated with vehicle or EM011 at 300 mg/kg daily by oral gavage for 7 days. The Matrigel hardened to form a plug beneath the skin, which was removed 7 days later and formalin-fixed, processed and paraffin-embedded. Paraffin sections were stained with hematoxylin and eosin as well as CD31, the immunohistochemical marker for endothelial cells to assess and quantitate the angiogenic response.
Chemokinetic assay
HUVECs were plated onto coverslips until confluence. A 200 µl pipette tip was used to create a scratch and cells were cultured in serum-free media for another 24 h in the presence or absence of EM011 at 5, 10 or 25 μM concentrations. After incubation, images were taken under phase contrast using a ×10 objective.
Immunoblotting and immunostaining
Immunoblotting (HIF-1α, α-tubulin, Rac1, RhoA, Cdc42, paxillin, p-paxillin, survivin and β-actin) and immunostaining (HIF-1α, VEGF, α-tubulin, γ-tubulin, VE-cadherin, CD31, EB1, CLIP170 and rhodamine-phalloidin) for control and drug-treated samples were performed as previously described (21) .
Promoter activity assay
The effect of EM011 under hypoxia on survivin or VEGF promoter activity was determined in PC-3 cells after transfecting luciferase survivin or VEGF plasmid for 24 h. pRL-SV40 plasmid that expresses a Renilla luciferase gene (Promega, Madison, WI) was used as internal control. The promoter activity of the cell lysates were tested using Promega Dual Luciferase assay kit and measured using a plate reader.
Real-time RT-PCR assay
Total RNAs were isolated using the Trizol reagent (Invitrogen). 2 µg RNA from each sample was amplified with the Omniscript RT kit using an oligo(dT) primer (Qiagen Inc., Valencia, CA) to generate 25 µl cDNA. 1 µl cDNA was then quantified by real-time PCR using primer pairs for HIF-1α (forward, 5′-ctggatgctggtgatttgga-3′; reverse, 5′-tgtcaccatcatctgtgag-3′) survivin (forward, 5′-tccactgccccactgagaac-3′; reverse, 5′ tggctcccagcctcca-3′), VEGF (forward, 5′-actttctgctgtcttgggtgca-3′; reverse, 5′-ccatgaacttcaccacttcg-3′) and β-actin (forward, 5′-aaagacctgtacgccaacacagtgctgtctgg-3′; reverse, 5′-cgtcatactcctgcttgctgatccacatctgc-3′) with SYBR Green PCR Master mix using the ABI PRISM 7000 sequence detection system (Applied Biosystems, Foster City, CA). The quantity of PCR product generated from amplification of survivin, VEGF or HIF-1α genes was normalized using the quantity of β-actin product for each sample to obtain relative levels of gene expression.
Centration analysis of nucleus and centrosome position
Microtubules (green), centrosomes (red) and nuclei (blue) were stained using α-tubulin, γ-tubulin and DAPI, respectively. Confocal immunofluorescence micrographs were analyzed for nuclear and centrosomal reorientation as described (28) . Briefly, the cell perimeter was selected and the cell centroid was determined using ImageJ software. The nuclear and centrosomal centroids were determined in a similar fashion. A line perpendicular to the leading edge (LE) and passing through the cell centroid was designated as the 'y' axis. 'x' and 'y' coordinates were assigned to each centroid, and then normalized with respect to the cell center, which was assigned the point (0,0). Coordinates for the nuclear and centrosomol centroids were adjusted in relation to this central point. Normalized vectors from the cell center to the nuclear and centrosomal centroids were calculated. The projection of each vector along the 'y' axis was used in the centration analysis, with the direction of each vector constituting the positive or negative position of the nucleus and centrosome with respect to the cell centroid.
Measurement of Cdc42 and Rac1 activity
The GST-PBD (p21-binding domain of Pak1 fused to glutathione S-transferase) pull-down assays were used to detect cellular activated (GTPbound) Cdc42/Rac1. Briefly, HUVECs were treated for 2 h with vehicle or 10 µM EM011 followed by washing with PBS and lysis using buffer (50 mM Tris, pH 7.5, 10 mM MgCl 2 , 0.15 M NaCl and 1% NP-40). 500 µg protein equivalent lysates were incubated with 10 μg of sepharose-conjugated GST-PBD beads which bind activated Cdc42/Rac1. The beads were washed extensively, and proteins bound to beads were examined by immunoblot analysis for Rac1 or Cdc42.
Measurement of RhoA activity
The GST-RBD (Rhotekin-binding domain fused to glutathione S-transferase) binds specifically to GTP-bound, and not GDP-bound, RhoA proteins. Control or 2 h EM011-treated HUVEC cell lysates were incubated with glutathione sepharose beads which specifically recognize and bind to the active, GTPbound, form of RhoA. Proteins bound to beads were examined by immunoblot analysis for RhoA.
Membrane ruffling
To examine membrane ruffle dynamics, GFP-labeled HUVECs were cultured in a 37°C chamber on a TCS-SP5 confocal microscope (Leica). The leading edge (LE) of cells was recorded at 20 s intervals using the LASAF software. Membrane ruffle dynamics were presented as three-dimensional surface plots.
Data analysis
Experiments presented in figures are representative of three or more repetitions. Data are presented as mean ± SD. Comparison between groups were evaluated by a two-tailed Student's t-test. Value of P < 0.05 were considered to be statistically significant.
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Results
EM011 inhibits a cascade of critical cellular events in endothelial cells
The establishment of neovasculature is a well-orchestrated process that involves invasion, migration, proliferation and tubular morphogenesis of endothelial cells (29) (30) (31) . HUVECs are an ideal cellular model for studying angiogenesis and vasculogenesis in vitro and are particularly suited for pharmacological investigations of various facets of vascular biology since endothelial cells play a pivotal role in several pathophysiological processes, including cancer development. Therefore, to evaluate the antiangiogenic activity of EM011, we first examined its effect on invasion and migration of HUVECs through a simulated extracellular matrix using the modified Boyden transwellchamber assay. We found that the invasion of HUVECs was significantly decreased by EM011 in a concentration-dependent manner. Figure 2 , available at Carcinogenesis Online). We next evaluated drug effects on endothelial cell migration employing chemotactic and chemokinetic models of migration. In a Boyden-chamber chemotactic assay, 25 µM EM011 inhibited the migratory response of HUVECs by ~68% compared with the control (Figure 1B, (*P < 0.05 versus control)). We also performed a complementary chemokinetic migration assay to determine whether EM011 affected directional endothelial cell motility. Since there is a likelihood that the impact of EM011 on cell proliferation or death may account for the apparent reduced migration, we performed the chemokinetic scratch assay in the presence of mitomycin, an inhibitor of proliferation. These assay conditions allowed us to decouple the effect of the drug on proliferation and migration, thus permitting evaluation of the drug's anti-migratory potential without its non-specific effects on proliferation. To this end, confluent scrape-wounded HUVEC monolayers were incubated for 24 h in the absence or presence of 5, 10 and 25 µM EM011 and 5 µg/ml mitomycin ( Figure 1Ci ). While control vehicle-treated cells migrated into the denuded area and recolonized ~96% of the original open area ( Figure 1Ci and Cii (*P < 0.05 versus control)), EM011 remarkably inhibited this process in a concentration-dependent manner. Drug-treated HUVECs showed a decrease in the migratory potential of cells across the wound in a dose-dependent manner. EM011 at 25 µM concentration decreased the extent of wound closure by ~92% (only ~7% recolonization of the original area) compared with controls ( Figure 1Cii ). Together, our results offer complementary information on the chemotactic (Boyden-chamber) and chemokinetic (wound-healing) migration to emphasize the anti-migration effects of EM011.
Beyond the migrating front, endothelial cells usually proliferate to generate necessary number of cells for making a new vessel. Thus, we examined the effect of EM011 on the proliferation of HUVECs using a sulforhodamine B assay. EM011 inhibited HUVEC proliferation in a concentration-time-dependent manner, with upto ~60% inhibition of proliferation upon a 48 h treatment with 25 µM EM011 ( Figure 1D, Supplementary Figure 3 , available at Carcinogenesis Online).
Having identified remarkable anti-invasive, antimigratory and antiproliferative properties of EM011 on endothelial cells, we next sought to examine these responses in the context of cancer cells. To this end, we evaluated the drug's effect on the invasion and migration of metastatic PC-3 human prostate cancer cells, which represent the characteristics of cells in advanced prostate tumors and in general, constitute Figure 4A and B, available at Carcinogenesis Online). A chemokinetic scratch assay to further validate EM011's affect on the migratory potential of PC-3 yielded remarkable inhibition of wound closure upon varying drug concentration in the presence of mitomycin (Supplementary Figure 5A and B, available at Carcinogenesis Online).
EM011 disrupts tubular morphogenesis
Subsequent to cell proliferation, the new growth of endothelial cells spreads and aligns with each other to spontaneously form branching anastomosing tubes with multicentric junctions resulting in a three-dimensional meshwork of capillary-like tubular structures (32) . Hence, our next experiment aimed to investigate EM011's effect on tubular morphogenesis of HUVECs. Upon incubation for 16 h, the cords fuse into continuous tubules with a complete lumen to form capillary-like structures in vehicle-treated cells (Figure 1Ei ). However, a 16 h EM011 (25 µM) treatment inhibited tubule formation with a significant reduction of ~76% in cumulative tube-length compared with vehicle-treated cultures (Figure 1Ei and Eii). This allowed us to conclude that EM011 affected endothelial cell morphogenesis into capillary tubules in vitro. Taken together, these results indicated that EM011 directly affected cultured endothelial cells by robustly inhibiting tissue remodeling processes such as invasion, migration, proliferation and capillary-tube formation, which are important attributes of a potential antiangiogenic drug candidate.
EM011 impairs ex vivo vessel outgrowth
Although in vitro cultures of isolated endothelial cells are useful to study formation of microvessels, they only partially mimic the 
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intricacies of the elaborate angiogenic process such as the vascular wall and paracrine interactions between endothelial and perivascular cells like pericytes, smooth muscle cells or fibroblasts. In recognition of the fact that in vivo angiogenesis involves not only endothelial cells but also their surrounding cells, we examined the effect of EM011 in a CAM assay (Figure 1Fi ). Our results showed that drug treatment markedly reduced vessel area by ~49%, length by ~32% and width by ~55% in chick embryos compared with control vehicle-treated embryos (Figure 1Fii ). There were no observable signs of drug toxicity such as thrombosis, hemorrhage or egg lethality, confirming the non-toxic attributes of EM011.
EM011 inhibits vasculogenesis and disrupts preexisting vasculature
Although the CAM assay comes closest to simulating the in vivo situation, it is best considered as an ex vivo assay. To address in vivo biological complexity, we performed a vertebrate whole-organism assay using a transgenic zebrafish model. The major mammalian pathways of angiogenic regulation are conserved in the zebrafish (33, 34) , making this transparent, optically visible model conducive for identification of the angiogenic stage where EM011 intervened. Essentially, this model allows analysis of the drug's effects on vasculogenesis as well as on preexisting vasculature. Formation of stable vasculogenic vessels at 24 hpf is followed by commencement of blood flow within the embryo and formation of intersegmental vessels that sprout from preformed vasculogenic vessels and perfuse the embryo trunk (33) . To first determine the drug's effect on late-stage vasculogenesis, 24 hpf zebrafish embryos were treated with the vehicle (1% DMSO) or 25 µM EM011 for 24 h. Figure 2Ai shows bright-field and fluorescent images of zebrafish embryos at 48 hpf. Normal development of vasculogenic and intersegmental vessels was evident in vehicle-treated controls, whereas drug-treated embryos showed significantly diminished vasculature (Figure 2Ai) . Interestingly, the overall morphology of drug-treated embryos (bright-field) indicated minimal drug toxicity. To discern drug effects on preexisting vasculature, 48 hpf zebrafish embryos were treated with EM011 for 24 h. At an endpoint time of 72 hpf, we found that EM011 remarkably collapsed preexisting vasculature, an attribute not commonly shared by many antiangiogenic agents (Figure 2Aii 
EM011 inhibits in vivo angiogenesis
To further investigate the drug's effects on in vivo neovascularization, we next evaluated in vivo angiogenesis in a mouse model using a Matrigel plug assay. We found that control Matrigel plugs without FGF-2 supplements showed minimal endothelial cell migration and angiogenesis (data not shown). In stark contrast, vehicle-treated control mice with plugs containing PC-3 cells and FGF-2 demonstrated robust angiogenesis with accompanying proliferation of inflammatory and/or connective tissue cells ( Figure 2B ). This observation is consistent with the ability of FGF-2 to be a chemoattractant for various cells of neuroectodermal and mesodermal origin. FGF-2 supplemented PC-3 cells induced an angiogenic response that comprised of endothelial cell proliferation and their organization into blood vessels which was specifically inhibited in mice that received a daily dose of 300 mg/kg EM011 for 7 days ( Figure 2B ). Thus, EM011 demonstrated specificity in inhibiting in vivo tumor angiogenesis with no effect on the accompanying proliferation and migration of inflammatory and connective tissue cells.
EM011 downregulates HIF-1α in a VHL-independent but proteasome-dependent manner
Overexpression of HIF-1α, a key feature of hypoxic response, strongly correlates with increased angiogenesis, abnormal vasculature, and increased proliferation of cancer cells in solid tumors (14, 35) . Several tubulin-binding drugs with differential effects on microtubule dynamics inhibit the HIF-1α pathway (5). Interestingly, the parent molecule, noscapine, has been recently shown to inhibit HIF-1α expression (25) . Since EM011 is a brominated analog of noscapine, we reasoned that EM011 might share this biological activity. To gain mechanistic insights into EM011's antiangiogenic behavior, we studied its effect on HIF-1α expression during normoxia and hypoxia. Immunoblotting data suggested that EM011 produced a time-dependent reduction in HIF-1α levels in PC-3 cells upon hypoxic exposure for the noted hours ( Figure 3A) . Interestingly, the inhibitory effects of 25 µM EM011 on HIF-1α expression levels were also evident during normoxia at 24 h post-treatment ( Figure 3B ). These inhibitory effects of EM011 on HIF-1α expression were reproducible with variable efficiency in several different tumor cell lines including breast and glioma (data not shown). Immunofluorescence confocal microscopy in PC-3 cells further confirmed that 25 µM EM011 significantly impaired HIF-1α nuclear translocation while the microtubular networks were largely Figure 3C ). On the other hand, induction of HIF-1α and its nuclear accumulation was observed in PC-3 cells upon a 24 h hypoxic exposure ( Figure 3C ).
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Having identified drug-mediated inhibition of HIF-1α expression, we next examined the functional consequence of HIF-1α inhibition. To this end, PC-3 cells pretreated with increasing doses of EM011 for 24 h were transiently transfected with a hypoxia-responsive element (HRE)-driven firefly luciferase reporter gene, the expression of which is dependent on the availability of HIF-1α. An SV40-driven Renilla luciferase vector was co-transfected as a transfection control. In agreement with the inhibition of HIF-1α expression, we found a dose-dependent reduction of HRE-driven luciferase activity upon EM011 treatment ( Figure 3D ).
The tumor suppressor Von Hippel Lindau (VHL), a component of an E3 ubiquitin ligase, targets HIF-1α for ubiquitin-mediated destruction under normal oxygen tension. To further explore mechanisms of EM011-mediated downregulation of HIF-1α, we tested whether this effect required a functional VHL protein and an active proteasome system. EM011 treatment of VHL-deficient RCC4 cells, which constitutively express HIF-1α, revealed that the drug-mediated destabilization of HIF-1α occurred independently of VHL function under normoxic conditions ( Figure 3E ). Next, we explored the role of proteasome in EM011-induced repression of HIF-1α by using MG132, a proteasome inhibitor. Co-treatment of EM011-treated cells with MG132 rescued HIF-1α protein from the degradation induced by EM011 ( Figure 3F ). The proteasome inhibitor mediated restoration of HIF-1α levels, thereby indicating that EM011 affected HIF-1α degradation through the proteasome system.
EM011 inhibits HIF-1α transcription and transactivation of hypoxia-inducible genes
Since regulation of HIF-1α pathway can be controlled at both transcriptional and translational levels, we next investigated if EM011 affected HIF-1α gene transcription. Levels of HIF-1α and β-actin mRNAs were measured using a quantitative RT-PCR assay and representative results of one of the three independent PCR assays are shown in Figure 4Ai . Our data clearly suggested that EM011 repressed HIF-1α mRNA levels by ~4.3-fold under hypoxic conditions. Furthermore, EM011 demonstrated a transcriptional repression of HIF-responsive genes, namely VEGF and survivin (Figure 4Ai) . Quantitation of repression showed that EM011 decreased mRNA levels of VEGF and survivin during hypoxia by ~3.6 and ~8.3-fold (*P < 0.05 versus control), respectively, compared with hypoxia alone (Figure 4Aii ). The effect of EM011 on HIF-1α gene transcription was further confirmed by HIF-1α overexpression in PC-3 cells. A remarkable decrease in message levels of HIF-1α, VEGF and survivin was observed upon EM011 treatment (Supplementary Figure 6A and B, available at Carcinogenesis Online). To further 
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examine if downregulation of HIF-1α correlated with an inhibition of HIF-1-responsive downstream genes, we used a luciferase reporter assay with a construct containing the luciferase gene under control of HREs from VEGF and survivin promoters ( Figure 4B ). Transientlytransfected PC-3 cells were subjected to hypoxia in presence of EM011 for 24 h and luciferase luminescence was used as a readout for HIF-1α transactivation. As expected, hypoxia greatly induced luciferase activity in vehicle-treated control cells. Drug treatment, however, resulted in a pronounced decline in luciferase activity driven by HIF-inducible promoters for VEGF and survivin genes, reflecting significant reduction of HIF-1α transcriptional activity ( Figure 4B ). There was an inhibition of VEGF and survivin promoter activity by ~87% and ~84% (*P < 0.05 versus control), respectively, in drugtreated cells compared with hypoxic control cells ( Figure 4B ). This was in agreement with the drug's ability to downregulate HIF-1α protein levels. Immunoblotting for survivin showed that EM011 could abrogate hypoxia-mediated upregulation of survivin expression ( Figure 4C ). Confocal immunofluorescence micrographs for VEGF staining revealed an intense staining pattern upon subjection to hypoxia, as expected. However, EM011 treatment concurrent with hypoxic stimulation attenuated VEGF expression as evident by the weak red intensity pattern ( Figure 4D ).
EM011 impairs cell polarization by disrupting centrosome repositioning
Our next step was to identify the cellular basis of the migration and invasion defects observed upon EM011 treatment. In migrating cells, polarization of the microtubule cytoskeleton is coupled with centrosome reorientation in the intended direction of movement (36) . Partly due to centrosome repositioning, microtubules align along the axis of cell migration. Essentially, centrosome reorientation biases vesicle transport toward the LE by positioning Golgi between the nucleus and LE, which in collaboration with microtubules enhances the directional delivery and recycling of components to the LE (37). Since EM011 attenuates microtubule dynamics (20, 21, 24) , we next asked if drug-induced modulation of dynamic instability of microtubules was associated with impaired centrosome reorientation. As shown in Figure 5Ai , in controls, cells at the wound margin exhibited a typical polarized morphology with centrosomes positioned in front of the nucleus facing the LE. In contrast, cells treated with EM011 exhibited polarization defects with randomly localized centrosomes (Figure 5Ai) . Interestingly, EM011 inhibited endothelial cell migration at concentrations that did not affect gross microtubule morphology but instead induced changes in microtubule plasticity only by modulating microtubule dynamics (21) . We performed a centration analysis (Figure 5Aii ) by examining the position of nucleus and centrosome relative to the centroid of migrating HUVECs (28) . A failure in rearward nuclear reorientation yielded a ~12% difference in centrosome positioning in EM011-treated cells when compared with controls, indicating centrosome disorientation upon drug treatment (Figure 5Aiii ).
EM011 impedes cell polarization by decreasing Rho GTPase activity
The morphological polarization of migrating endothelial cells is characterized by the appearance of membrane ruffles at the LE, asymmetric localization of signaling molecules and a reorganized cytoskeleton (2) . To further confirm disruption of polarization, we first examined formation of membrane ruffles at the cellular periphery by transfecting HUVECs with pEGFPC1. The monolayer was then scratched in the presence and absence of EM011 (Figure 5Bi ). GFP-fluorescence was monitored at the LE that showed thick lamellopodia-like protrusions and suggested robust membrane ruffling in controls. However, drug-treated cells showed significantly fewer ruffles (Figure 5Bi and Bii).
At the molecular level, various lines of evidence suggest that microtubules influence cell polarity and migration by affecting anchorage and protrusion through modulation of Rho family GTPases (1). Since the activity of Rho GTPases is vital for cell polarization and migration, we next investigated if EM011 modulated the activity of Rho family GTPases-Rac1, RhoA and Cdc42 (Figure 5Ci Civ). HUVECs treated with 10 µM EM011 or the vehicle were scratched and GST-PBD pull-down assays were performed. EM011 treatment caused modest but reproducible reductions in Rac1, RhoA and Cdc42 activity in HUVECs compared with the control group (Figure 5Ci-Civ) .
EM011 disrupts actin-microtubule cross-talk to inhibit cell migration
The dynamic cytoskeleton modulates the activity of Rho GTPases and, conversely, the activity of Rho GTPases might be responsible for the initial polarization of the cytoskeleton, suggesting existence of a positive feedback mechanism that maintains the stable polarization of a directionally migrating cell (1) . We have previously shown that EM011 attenuates microtubule dynamics without affecting steady state monomer/polymer ratio of cellular tubulin (20, 21, 23) . We envision that this dampening of microtubule dynamicity cascades to modulate Rho GTPase activity which may impact the exquisite interplay between actin and microtubule cytoskeletons necessary for efficient cross-talk between cellular polarization and local modulation of cell-matrix contacts for subsequent motility. Since EM011 treatment causes a reduction in Rho GTPase activation, we further asked how the microtubule-modulating drug EM011 affected the Rho GTPase-driven dynamic remodeling of actin cytoskeleton to yield filopodia, lamellipodia and stress fibers, and regulated adherens junctions which are essential events during the cell migration process ( Figure 6A ). Endothelial cells express VE-cadherin, which upon initiation of cell migration is lost (38) . Filamentous filopodial projections act essentially as sensors of motile stimuli and protrusive thick lamellipodia at the LE allow swimming-like motility. Stress fibers anchored at FAs are primarily responsible for traction of cell rear toward the LE during migration (3). To gain further insights, we stained F-actin (using rhodamine-phalloidin) and VE-cadherin, and visualized HUVECs that were scratched in the presence or absence of EM011 exposure. Our data show that EM011 treatment reduced incidence of filopodial projections ( Figure 6A) . A reduction in lamellipodia formation was evident by an absence of thick cortical actin network characteristic of membrane ruffles ( Figure 6A ). Rho A activation drives formation of actin stress fibers and FAs and increases contractility (3). While actin stress fibers were clearly visible in migrating control HUVECs ( Figure 6A ), these fibers were significantly reduced in drug-treated cells ( Figure 6A ). The reduction in stress fibers was also associated with an increased accumulation and linear distribution of VE-cadherin at cell-cell contacts in drug-treated HUVECs compared with untreated controls (Figure 6A ), further suggesting an inhibition of cell motility and an increase in cell-cell adhesion.
Cell migration requires the regulated binding of integrins to extracellular matrix adhesion molecules. In order to assess the impact of EM011 exposure on the ability of HUVECs to adhere to the substrate, we carried out a cell-matrix adhesion assay using fibronectin-coated plates. We found that EM011 treatment caused a concentrationdependent decrease in the ability of HUVECs to adhere to fibronectincoated plates (Supplementary Figure 7 , available at Carcinogenesis Online, upper panel) as well as vitronectin-coated cell culture dishes (data not shown). This loss of cell-substrate adhesion was accompanied by a marked decrease in vinculin staining in EM011-treated cells as compared with vehicle-treated controls (Supplementary Figure 7 , available at Carcinogenesis Online, lower panels). Vinculin is a very important mechano-coupling component of the FA complexes at the intracellular face of the plasma membrane where it physically links transmembrane integrin receptors to the actin cytoskeleton and facilitates contractile force generation. Vinculin loss has been shown to impact assembly of FA complexes and impair cell adhesion to substratum and Rac-dependent lamellipodial extension (39, 40) . In fact, vinculin-deficient cells possess lamellipodia that are far less stable than in wild-type cells (40) . Our data therefore strongly indicate that EM011 treatment leads to impaired migration triggered by a loss of P.Karna et al.
vinculin that hinders FA assembly, lamellipodial protrusion and cellmatrix adhesion.
EM011 disrupts guided targeting of interphase microtubules and FA patterns
Guided targeting of interphase microtubules to FA sites by the actin cytoskeleton is a key step in the cascade of cell-migration events (3, 4) . This targeting mechanism includes growth of microtubules and their capture and transient stabilization at adhesion sites facilitated by a minimum steady-state concentration of plus-end-binding proteins such as EB1 and CLIP170 (4). In comparison with vehicle-treated controls, we found significantly reduced size of EB1 comets at the microtubule tips as well as a severely diminished staining pattern for CLIP170 in HUVECs that were scratched in the presence of EM011 ( Figure 6B ). We envisage that the decrease in microtubule dynamicity and the concomitant drastic reduction in EB1 and CLIP170 binding at microtubule plus-ends could impair the effectiveness of microtubule targeting to adhesion sites, and consequently, hinder the HUVECs ability to migrate over the substrate in the presence of EM011.
The FA molecule paxillin plays an indispensable role in the integration and transduction of signals from integrins and growth factor receptors to modulate cell motility, and this involves its tyrosine phosphorylation (41) and regulation of actin filament dynamics (42, 43) . Since the actin network plays an important role in the assembly/disassembly of paxillin at FAs, we next examined paxillin and its phosphorylation status upon EM011 treatment ( Figure 6B ).
HUVECs transiently transfected with GFP-paxillin were scratched in the presence or absence of EM011. Immunofluorescence micrographs show that in migrating control cells, GFP-paxillin was recruited to form aggregates in the FAs at the protruding lamellipodium at the cell front ( Figure 6B ). EM011-treated GFP-paxillin-transfected HUVECs showed a decrease in lamellipodial protrusion, inhibition of cell migration and an aggregation of paxillin in the cell center. Thus, in contrast to control cells, which had lamellipodial protrusion with increased FA assembly in the front accompanied by a decrease in FA assembly in the center and the rear, drug-treated cells with attenuated microtubule dynamics underwent contraction from the periphery toward the cell center ( Figure 6B ). This was accompanied by paxillin-FA disassembly in the periphery and assembly in the center, resulting in a change in the distribution of paxillin-FAs during drug treatment ( Figure 6B ).
Having observed that drug-induced modulation of cytoskeletal proteins affected GFP-paxillin localization, we next determined whether paxillin levels underwent any changes or paxillin was modulated post-translationally concomitant with its subcellular redistribution. To this end, we examined the drug effects on paxillin expression and its tyrosine phosphorylation in HUVECs that were scratched in the presence or absence of EM011 ( Figure 6C ). Although drug treatment had little effect on the expression level of paxillin, EM011 caused a reduction in the tyrosine phosphorylation of paxillin at 2 h ( Figure 6C ).
Taken together, the data suggest that EM011 treatment not only disrupts cell polarization but also impairs the generation of filopodia, 
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lamellopodia, stress fibres and appropriate patterns of FAs to facilitate directional cell migration.
Discussion
Once tumors escape from their stable location by breaking through the basement membrane, endothelial cells migrate toward cues provided by the tumor. Behind this migrating front, endothelial cells proliferate to make a new vessel that morphologically differentiates into capillary-like tubular networks to render support for subsequent maturation, branching, remodeling and selective regression to form a highly organized, functional microvascular network (32) . Our data provide compelling evidence that EM011 affected each of these elements--invasion through the basement membrane, migration, proliferation and tube formation. While a CAM assay suggested that EM011 could significantly interfere with neovasculature establishment, the transgenic zebrafish model demonstrated drug-induced inhibition of vasculogenesis and disruption of preestablished vasculature. Mechanistically, impairment of angiogenesis was through inhibition of HIF-1α at the transcriptional as well as the level of protein stabilization in a proteasomal-dependent and VHL-independent manner.
Cell motility requires that robust actin polymerization be nucleated within the LE, causing a highly cross-linked meshwork of actin filaments to form within the lamellipodium whose growing and 'seeking' end faces the direction of migration (44, 45) . The constant unidirectional growth of actin filaments both pushes the LE forward and also creates a retrograde flow of actin toward the cell center (3, (46) (47) (48) . Microtubules in the lamella that grow toward the LE exhibit net polymerization at their plus-ends near the lamellipodium base and owing to the effect of actin retrograde flow, undergo bending and breakage in the cell body. Consequently, a number of microtubule minus-ends undergoing catastrophe are produced in the cell body together with Fig. 7 . Schematic illustration of a working model to demonstrate that EM011 treatment disrupts various aspects of HIF-1α-dependent signaling and impairs cell polarization, migration and tumor angiogenesis. EM011 treatment decreases the transcription of HIF-1α by mechanisms yet to be identified. By attenuating microtubule dynamicity, EM011 also inhibits transport and translation of HIF-1α mRNA and induces proteasome-dependent degradation of HIF-1α. The net decrease in HIF-1α protein levels causes a reduction in expression of HIF-1α-responsive genes, including VEGF and survivin, that are essential for tumor angiogenesis. Reduced microtubule dynamicity also causes diminished binding of plus-end tracking proteins such as EB1 and CLIP-170 to microtubule plusends. EM011 inhibits the processes of centrosome centration and reorientation toward the direction of migration, which are crucial to the cell's ability to perceive and alter the geometry of its actin and microtubule cytoskeletons in order to generate asymmetry between the cell front and rear for locomotion. Migrating cells develop a broad, flat lamellipodium by nucleating actin polymerization at the LE to produce a highly cross-linked meshwork of actin filaments (shown with red lines) whose growing ends face the cell front. Outgrowth of these filaments pushes the LE forward and generates retrograde flow of actin (shown by blue arrows) toward the cell center. Microtubules undergo net growth near the LE (depicted with green arrows) and activate the Rac1 GTPase which is responsible for lamellipodial protrusion and the formation of short-lived, small focal complexes at the lamellipodium base. Microtubules subjected to actin retrograde flow tend to bend and break in the cell body creating depolymerizing microtubule minus-ends and leading to RhoA activation in the cell body. EM011 hinders RhoA activation which normally drives assembly of contractile stress fibers and larger FAs. FAs are targeted by EB1-and CLIP-170-bound dynamic microtubule plusends, leading to FA disassembly and cell motility--a process also inhibited by EM011. Thus, EM011 drastically perturbs several crucial steps in endothelial cell migration and eventually, tumor angiogenesis.
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several shortening plus-ends. A net concentration of localized microtubule growth near the LE activates Rac1 while microtubule disassembly in the cell body locally activates RhoA (1,3) . Activation of Rac1 leads to the assembly of actin into protruding lamellipodia whereas RhoA activation results in organization of actin into contractile stress fibers and FAs in the cell body (1,3) . Thus, the gradient in microtubule assembly states is translated into differential GTPase activation. Rac1 activity at the LE promotes further actin assembly, lamellipodium protrusion and actin retrograde flow in the lamellipodium and thus sets in motion a positive feedback loop that stabilizes one particular LE to maintain directional movement of the cell. Rac1 activity also promotes formation of smaller focal complexes in the LE. RhoA activity in the cell body, on the other hand, drives the organization of actin and myosin into contractile stress fibers, thus enhancing cell contractility (49, 50) . As RhoA activity bundles actin into stress fibers, integrin clustering occurs and this drives the assembly of larger focal complexes and promotes their maturation into FAs, a process facilitated by the targeting and capture of dynamic microtubules by FAs. Thus, dynamic instability of microtubules is pivotal not only for the generation and protrusion of lamellipodia but also for the regulated adhesion and cell contraction that occur during migration.
EM011 has been previously reported to reduce microtubule dynamicity without changing the monomer/polymer ratio of tubulin (20, 21, 23) . Thus, there is a strong possibility that the positive feedback loop and microtubule interactions with actin are prone to becoming disturbed upon attenuation of microtubule dynamics. Interference in this positive feedback loop might contribute to the inhibition of Cdc42 activity that led to reduced filopodial extensions as well as decreased Rac1 activity that perhaps affected the formation of protruding lamellipodia. In addition, attenuated RhoA activation led to the subsequent inhibition of actin stress fiber formation. Furthermore, the drug-induced attenuation of RhoA activation may lead to a dissipation of the long-stress fibers that mediate contraction of the cell body to allow forward progression. Thus, the drug-mediated decrease in the formation of actin stress fibers led to attenuated traction forces for a rear release. Since Rho GTPases are controlled by the aggressive dynamicity of the microtubules to orchestrate cell migration, it is reasonable to speculate that EM011-induced dampening of microtubule dynamics explains the perturbations in the intricate equilibrium and tips the overall balance in favor of decreased polarization, cell-matrix adhesion and migration of endothelial cells. Consistent with this notion, EM011 increased expression of VE-cadherin at cell-cell junctions. VE-cadherin, similar to its epithelial cell counterpart, E-cadherin, is essential for control of vascular permeability and organization of tubular-like structures (38, 51) . It is reasonable to speculate that the presence of high levels of VE-cadherin perhaps decreases Rac1 activation and reduces formation of actin stress fibers, thus lending support to the idea that EM011 induces a cellular switch from a migratory phase to a stationary phase, and this is in part stabilized through upregulation of VE-cadherin.
Paxillin, an adaptor protein that localizes primarily in the FAs, plays a crucial role in recruiting cytoskeletal and signaling proteins to orchestrate the cross-talk between microtubules and actin filaments to regulate cell shape and motility (43) . Several lines of evidence indicate that paxillin regulates Rac1 and Cdc42 activity to direct filopodial protrusions and lamellipodial extensions, important events for cell migration (4). In addition, paxillin is associated with several actin-binding proteins (such as vinculin and actopaxin) and tethered to the actin network (43) . We found that EM011 treatment induced perturbation in the localization, distribution and tyrosine phosphorylation of paxillin in HUVECs. This is perhaps attributable to drug-induced modulation of cytoskeletal proteins that causes diminished tyrosine phosphorylation of paxillin and the relocalization of paxillin from FAs to cell center, which confirms conclusions from earlier studies (52) that tyrosine phosphorylation of paxillin is an important process for paxillin-FA assembly/disassembly.
A well-orchestrated interplay between the cytoskeletal armoractin, microtubules and intermediate filaments is a prerequisite for the regulation of cell migration and angiogenesis. Recent studies have uncovered a role for microtubules targeting to FAs in order to promote FA turnover (53) . Targeting involves microtubule tip-complexes and signaling between proteins in microtubules and those in FAs. The frequency of FA targeting by microtubules is highest in the retracting regions; presumably, microtubules deliver multiple 'relaxing signals' in these zones to promote adhesion site disassembly (53) . One may envisage that EM011-induced dampening of microtubules dynamics, accompanied by a drastic reduction in the localization of plus-end tracking proteins like EB1 and CLIP-170 to microtubules plus-ends, would reduce the frequency and efficacy of microtubules targeting to FAs, thus impairing their turnover and decreasing the cell's migratory ability. Figure 7 is a schematic model that illustrates the effects of EM011 on various cellular pathways that work in unison to impact the spatiotemporal cascade of events that dictate the migratory process.
Our data also show that EM011 impairs centrosome reorientation toward the direction of migration that perhaps prevented stabilization of lamellipodial extensions. These data imply that drug-mediated effects on microtubule plasticity/dynamics, rather than on gross microtubule organization or expression, are sufficient for inhibition of cell locomotion, a notion supported by studies with other microtubule-altering agents. In addition, we demonstrate that EM011 treatment impairs centrosome centration, which adversely affects the cell's ability to explore, perceive and regulate its shape and geometry-an ability that is crucial for the generation of cellular asymmetry during cell migration.
Our data also show that EM011 treatment leads to proteasome-mediated degradation of HIF-1α in VHL-deficient RCC4 cells. VHL has been ascribed multiple functions, each possibly linked to tumor suppression. It is widely accepted that VHL acts as part of an E3 ubiquitin ligase that targets HIF-1α for polyubiquitylation and degradation in an oxygen-dependent manner (54) . In VHL-defective cancers and in the RCC4 cell line, the HIF-1α-directed transcriptional program is uncoupled from changes in oxygen availability, leading to overproduction of HIF target gene products. Growing evidence now indicates that tumor suppression by VHL also involves the control of a wide variety of HIF-1α-independent processes including microtubule dynamics regulation, primary cilium maintenance, cell proliferation control and responses to DNA damage. Among the HIF-independent functions, VHL has been shown to be a microtubule-associated protein with a dedicated microtubule-stabilizing function: VHL plays a dual role as a catastrophe inhibitor and as a rescue factor and thus protects microtubules from disassembly in vivo (55) . It has been recently shown that microtubule dynamicity and integrity are intricately involved in the transport and translation of HIF-1α (14) . Although we cannot exclude the possibility that EM011 triggers the degradation of HIF-1α by means other than by the dampening of microtubule dynamicity, it is tempting to propose a model wherein cellular levels of HIF-1α crucially depend on correct regulation of MT dynamics both for the synthesis of HIF-1α protein and for the stabilization and protection of HIF-1α from VHL-independent proteasome-mediated degradation. Our new data thus profoundly influence current models of HIF-1α protein regulation and compel us to rethink the roles of dynamic microtubules in hypoxia signaling and cancer development.
While ubiquitin-proteasome-mediated HIF-1α degradation provides tight control of HIF-1α levels in normoxia, recent studies have revealed that HIF-1α also undergoes constant turnover during prolonged hypoxia via an alternative, VHL-independent pathway that utilizes the proteolytic activity of the 20S proteasome but does not require HIF-1α ubiquitylation (56) . Therefore, our data demonstrating VHL-independent HIF-1α degradation upon EM011 exposure is consistent with the existence of multiple mechanisms controlling the levels of this crucial transcription factor, which presumably come into play under different physiological and pathological conditions.
The microtubule-modulating agent EM011 has extensively been shown in vitro and in vivo models to induce selective cytotoxicity in cancer cells while sparing normal cells. Since EM011 appears to dually block VEGF activity, a potent pro-angiogenic factor, in PC-3 cancer cells and directly inhibit cell migration of EC cells, we have identified a novel antiangiogenic role of EM011. In conclusion, EM011 inhibits angiogenesis our data offer multifarious evidence to suggest that EM011 significantly interferes with several spatiotemporal events that dictate cell motility. Taken together, these data point to a novel mechanism of EM011-mediated inhibition of angiogenesis by disturbing the exquisite cooperativity between microtubules and actin that cross-talk to the HIF signaling to coordinate cell migration and angiogenesis. Supplementary Figures 1-7 can be found at http://carcin.oxfordjournals.org/
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